Okadaic acid, a specific inhibitor of protein phosphatases 1 and 2A, was used to study the mechanism of action of transforming growth factor (3 (TGF-fi) on 
[14C]leucine incorporation by 20-65%, depending upon the okadaic acid concentration. In conjunction with the effect of okadaic acid on DNA and protein synthesis, Western blot analysis indicated that okadaic acid inhibited phosphorylation of the retinoblastoma gene product and decreased its protein level, even when added 10 hr after TGF-(3 or 8 hr after serum stimulation. These rmdings strongly suggest that protein phosphatases play a pivotal role for S-phase entry in mouse fibroblasts. Moreover, protein phosphatases may be required in the intermediate steps of TGF-,B or serum growth factor signalbansduction pathways for the stimulation of phosphorylation of the retinoblastoma protein, especially in late Gi.
Phosphorylation/dephosphorylation events play a pivotal role in the regulation of signal-transduction mechanisms that control cell proliferation and differentiation. The polyether tumor promoter okadaic acid, derived from the black sponge Halichondria okadai, produces marked hyperphosphorylation in a manner consistent with its acting as a protein phosphatase inhibitor (1) . For example, okadaic acid induces the phosphorylation of proteins such as the 27-kDa heat shock protein complex, eukaryotic translation initiation factor 4E, epidermal growth factor receptor, and cdc2 kinase substrates (c-Abl, pRb, and p53) in primary human fibroblasts (2) . It was also demonstrated that the phosphorylation pattern elicited by okadaic acid, which does not bind to protein kinase C, was different from that of phorbol esterinduced activation of protein kinase C.
The mechanism of okadaic acid action on cell proliferation and differentiation is still unclear. Okadaic acid has the characteristics of a strong tumor promoter and can induce the expression of the early genes c-fos and c-jun in mouse keratinocytes, human leukemia cells, and human diploid fibroblasts (2) (3) (4) . Okadaic acid is also capable of upregulating c-fos expression at the transcriptional and posttranscriptional level in NIH 3T3 mouse fibroblasts (5) . The regulation of these early genes by okadaic acid was distinct from that
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observed in cells treated with phorbol 12-myristate 13-acetate. Boynton and colleagues (6) reported that okadaic acid inhibited platelet-derived growth factor (PDGF)-induced cell proliferation and decreased the number of PDGF receptors in C3H/10T/2 mouse fibroblasts (6) . Although these early responses may contribute, in part, to the inhibitory effects of okadaic acid on growth factor-induced DNA synthesis, they do not account for the total inhibition observed.
Transforming growth factor ,B (TGF-,8) exerts multifunctional effects on cell proliferation, since it can either stimulate or inhibit cell growth and differentiation. Particularly, the growth-stimulatory effect of TGF-(3 was reported to involve the autocrine/paracrine induction of c-sis and subsequent production of a PDGF-like growth factor in AKR-2B mouse embryo cells and in primary human skin fibroblasts (7, 8) . Although the signal-transduction mechanism ofTGF-( has not been identified in fibroblasts, much evidence indicates that TGF-/3 may act through the retinoblastoma gene product (pRb) in MvlLu lung epithelial cells, where TGF-f3 is growthsuppressive (9, 10) . pRb may be involved in the control of the G1/S transition, or it may act as a restriction point in G1 as cells progress to the S phase of the cell cycle (11) (12) (13) . As the cell passes through the cell cycle, the phosphorylation of pRb can be observed. Reports indicate that pRb is phosphorylated by cdk2 or a cdk2-related kinase in the late G1 and S phases and is further phosphorylated by cdc2 kinase in the S, G2, and M phases (14) (15) (16) . Okadaic acid-sensitive protein phosphatases control both the activation and the inactivation of the p34cdc2 kinase, depending on the cell cycle stage, as observed with different responses related to the time of okadaic acid treatment (17) . In MvlLu cells, the growth-inhibitory effect of TGF-,8 was related to the prevention of pRb phosphorylation in mid to late G1, in which TGF-P retains pRb in the underphosphorylated, growth-suppressive state (9, 10) . We have previously observed that TGF-P as a growth stimulator enhances the level of Rb mRNA throughout the cell cycle in C3H/1OTY2 fibroblasts. This raises the possibility that TGF-(-induced cell cycle activation may be related to the induction of pRb and/or pRb phosphorylation. It was therefore of interest to study the effects of okadaic acid on pRb phosphorylation when TGF-3-treated cells undergo G1/S transition. Such investigations should provide insight as to whether phosphatases are involved in the intermediate stages of the TGF-j3 signal-transduction mechanism, since a balance between phosphorylation and dephosphorylation reactions appears to be requisite in the progression of the cell cycle.
Here we demonstrate a possible mechanism by which TGF-f3 may activate protein phosphatases to stimulate intermediate cascade events involving pRb in cells exhibiting a positive effect of TGF-f3 on cell cycle progression.
Abbreviations: PDGF, platelet-derived growth factor; TGF- (3, insoluble fraction was assayed as described (19) .
Western Blot Analysis. Cell pellets were lysed in lysis buffer [250 mM NaCl/50 mM Hepes, pH 7.0/0.1% Nonidet P-40/5 mM NaF containing phenylmethanesulfonyl fluoride (0.1 mM), aprotinin (1 ,ug/ml), leupeptin (1 ,g/ml), and j-glycerophosphate (10 ,ug/ml)] on ice for 20 min. Samples containing 100-140 ,ug of protein were mixed with SDS sample buffer and the mixtures were boiled for 5 min. After SDS/7% PAGE, Western blotting was carried out using Bio-Rad Trans-Blot cells. The transfer buffer did not contain methanol. A hydrophobic, poly(vinylidene difluoride) membrane (Gelman) was incubated for 1 min in 100% methanol and then equilibrated in transfer buffer for 20 min. The blot was blocked for 1 hr at room temperature on a shaker with 100 ml of blocking buffer [5% nonfat dry milk and 0.1% Tween 20 (Bio-Rad) in lx TNE (10 mM Tris-HCl, pH 7.5/50 mM NaCl/2.5 mM EDTA)]. The primary antibody was G3-245 anti-pRb antibody (PharMingen) diluted in blocking buffer (3 ,ug/ml), and the secondary antibody was peroxidaseconjugated sheep anti-mouse IgG (1:2000 dilution, Amersham). The blot was incubated with the primary antibody for 90 min, washed, incubated with the secondary antibody for 90 min, and washed again. Each wash consisted offour rinses (10 min each) with 1 x TNE on a shaker at room temperature. The enhanced chemiluminescence procedure (ECL, Amersham) and Kodak X-Omat AR fim were employed.
RESULTS
Inhibitory Effect of Okadaic Acid on Mitogen-Induced Proliferation of C3H/1OT1/ Mouse Fibroblasts. Since okadaic acid exhibits both stimulatory and inhibitory responses on substrate phosphorylation (2) , it was of interest to further study the kinetics of phosphorylation under conditions of defined cell cycle stages. To investigate the regulation of protein phosphorylation events in cell cycle progression, we studied the effect of okadaic acid (5, 20 , and 50 nM) on DNA synthesis induced by TGF-p (5 ng/ml) or 10% serum in C3H/1OTY2 mouse fibroblasts. The addition of TGF-13 to postconfluent, quiescent cells induced a 30-fold increase in [3H]thymidine incorporation compared with that of the controls at t = 0 and 24 hr (Fig. 1A) . Okadaic acid inhibition of TGF-f-induced DNA synthesis was dose-dependent. Okadaic acid at 20 nM and 50 nM completely inhibited DNA synthesis in both control cells and cells treated with TGF-13, but as observed by others (6), it was not cytotoxic. Interestingly, okadaic acid added at 0 or 10 hr after TGF-,B, to cells that are in the G1/S transition state, showed the same degree of inhibition of [3H]thymidine incorporation. Similarly, inhibitory effects were observed when okadaic acid was added even 6 or 10 hr after serum stimulation (Fig. 1B) (Fig. 2) . However, the addition of okadaic acid inhibited [14C]leucine incorporation by 20-65%, depending on the okadaic acid concentration, even when added 10 hr after TGF-,3 stimula- 10% serum (4:1 ratio of calf serum and fetal bovine serum). The phosphorylation status of pRb induced by serum was almost identical to that by TGF-,B, showing that pRb became phosphorylated when cells passed through G1/S phase (t = 8 hr) and hyperphosphorylated during S phase (t = 16-24 hr) (Fig. 5 ). In concert with its effect on serum-induced DNA synthesis (Fig. 1B) , okadaic acid inhibited pRb phosphorylation and reduced the pRb level. The intensity of okadaic acid's inhibitory effect was dose-dependent. When cells were treated with okadaic acid 8 hr after serum stimulation, cells became less sensitive to okadaic acid, indicating that inhibition of pRb phosphorylation by 50 nM okadaic acid was very similar to that by 20 nM okadaic acid added at t = 0 hr. Our results are in accord with the idea that okadaic acid inhibition of cell cycle progression is correlated with the prevention of pRb phosphorylation and/or the decrease of the pRb level. This reflects a need for phosphatase action in the mitogenic phosphorylation cascade, especially at the G1/S transition of the cell cycle.
DISCUSSION
Okadaic acid, an inhibitor of serine/threonine phosphatases, was used to study the role ofphosphatases in TGF-j-induced cell cycle activation. Okadaic acid inhibited TGF-f-induced DNA synthesis at concentrations comparable to those reported by Dean et Proc. Natl. Acad. Sci. USA 90 (1993) 5463 synthesis as it did when added at 0 hr. This finding suggests that inhibition of TGF-j-induced DNA synthesis by okadaic acid is exerted at the G1/S border. The inhibitory effect of okadaic acid occurring in the late G1 phase of the cell cycle is not unique to TGF-,B-induced DNA synthesis, since okadaic acid added in late G1 exerted similar inhibitory effects on serum-induced DNA synthesis. We examined whether okadaic acid could involve interactions which might influence pRb phosphorylation. pRb is well characterized as a tumor suppressor which is thought to negatively regulate cell proliferation (21) . The physiological functions of pRb can be modified by phosphorylation during cell cycle progression. While underphosphorylated pRb is mainly detected in early G1, it becomes phosphorylated at the G1/S boundary (22) . Cell cycle-dependent phosphorylation of pRb has been observed in cell lines as well as in primary cultures and is required for cells to enter S phase. We report here that TGF-f3 induced pRb phosphorylation under conditions where it stimnulates DNA synthesis, and this phosphorylation preceded the G1/S transition. Okadaic acid blocked TGF-f-and serum-induced pRb phosphorylation, indicating that protein phosphatases may be involved in the progression to the hyperphosphorylated state of pRb. Our results differ from those of Guy et al. (2) , who showed that okadaic acid induced pRb phosphorylation. Those authors used confluent human diploid fibroblasts without assurance that cells were staged in the early GI phase of the cell cycle. The observed differences from our results may reflect the different species used as well as conditions selected in our studies to provide largely homogeneous cell populations.
The level of TGF-f-induced Rb mRNA was not altered by okadaic acid even with concentrations of 50 nM (data not shown). As we observed, okadaic acid partially inhibits TGF-(3induced protein synthesis. This may be due to events such as the inhibition of eukaryotic initiation factor eIF-2. Indeed, evidence indicated that phosphorylation of the a subunit of eIF-2 inhibited protein synthesis. Phosphatase 2A was considered to be important for the maintenance of the unphosphorylated form of eIF-2 (23) . Since this phosphatase leads to dephosphorylation of eIF-2, okadaic acid could block protein synthesis by interfering with eIF-2 dephosphorylation. The possibility arises that okadaic acid inhibition ofpRb phosphorylation may be influenced by a decreased level of pRb.
The two potential protein kinases for the pRb phosphorylation have been well identified as cdc2 and cdk2 (15, 16, 24) . Okadaic acid sensitivity for the induction of cdc2 kinase activity has been shown to be dependent on the amount of cyclins present (17) . A recent report demonstrated that Saccharomyces cerevisiae SIT4 protein phosphatase was required for the normal accumulation of CLNI, CLN2, and other cyclin-related RNAs during late G1 (25) . SIT4 phosphatase is 55% identical to the mammalian type 2A and 43% identical to the mammalian type 1 protein phosphatase catalytic subunit. These studies suggest that okadaic acid may regulate pRb kinases by modulating the level of cyclins.
In addition, Brautigan et al. (26) reported that the amount of phosphatase inhibitor 2 (12), a specific inhibitor of phosphatase type 1, oscillated during the cell cycle in rat fibroblasts, peaking at S phase and mitosis (26) . Further, those authors found that there were major changes in the abundance of 12 coincident with two critical periods-namely, DNA synthesis and mitosis. These observations provide the evidence that protein phosphatases are specifically involved in the modulation of the cell cycle. The inhibition of these phosphatases by okadaic acid may contribute to the responses we observed.
In conclusion, although inhibition ofa phosphatase activity might be expected to contribute to increased pRb phosphorylation, our observations indicate that okadaic acid-induced growth suppression is correlated with an inhibition of growth factor-induced pRb phosphorylation in late G1 phase. Therefore, protein phosphatases may be required for the indirect stimulation ofpRb phosphorylation by TGF-f3 or other serum growth factors. Perhaps a more complex cascade mechanism may be involved in the activation of pRb kinase, such as the regulation of cyclin-dependent kinase (cdc2 or cdk2) activity and its associated cyclins by protein phosphatases. The concurrent timing of the okadaic acid-induced block of pRb phosphorylation and of DNA synthesis leads us to ask whether this correlation reflects a primary relationship.
